The arterial and mixed venous carbon dioxide tension gradient has been shown to increase when there is a decrease in cardiac output. Monitoring central venous gases is an attractive alternative to monitoring mixed venous gases in circulatory failure because central venous catheterisation is a less invasive procedure than pulmonary artery catheterisation. This study aims to evaluate the agreement between central venous-arterial carbon dioxide (CVA-CO 2 ) and mixed venous-arterial carbon dioxide (SVA-CO 2 ) tension gradients and assess whether CVA-CO 2 tension gradient can be used to predict cardiac output in circulatory failure. Samples of arterial, central venous and mixed venous blood were obtained from 16 patients with circulatory failure at different inspired oxygen concentrations and cardiac indexes within 24 hours of study enrolment. CVA-CO 2 and SVA-CO 2 tension gradient were not interchangeable numerically (bias=0.14 mmHg, 95% limits of agreement: -3.0 to 3.2 mmHg). CVA-CO 2 (Spearman correlation coefficient r=-0.385) and SVA-CO 2 (r=-0.578) tension gradient were significantly correlated with the cardiac index but the cardiac index only accounted for 21% and 32% of the variability of CVA-CO 2 and SVA-CO 2 tension gradient, respectively. The ability of CVA-CO 2 tension gradient (area under the ROC curve=0.77, P=0.08) to predict a low cardiac output state (cardiac index <2.5 l/min/m²) was lower than SVA-CO 2 (area under the ROC curve=0.95, P=0.003). The utility of CVA-CO 2 and SVA-CO 2 tension gradient appeared to be limited to their negative predictive value to exclude a low cardiac output state when CVA-CO 2 or SVA-CO 2
and treatment of the underlying causes and haemodynamic resuscitation to maintain systemic oxygen delivery 1, 2 . In a patient who does not have is the main determinant of systemic oxygen delivery 3 . When the cardiac output is inadequate relative to the oxygen consumption and production of carbon dioxide in the peripheral tissue, the mixed venous oxygen saturation will decrease and the mixed venous carbon dioxide tension will increase 4, 5 . In different experimental models of circulatory failure, the difference in mixed venous and arterial carbon dioxide (SVA-CO 2 ) tension increases when there is a decrease in cardiac output [6] [7] [8] . Therefore, both mixed venous oxygen saturation and SVA-CO 2 tension gradient may relative to the metabolic demands, and as such, they may be useful to guide haemodynamic resuscitation in circulatory failure 5,9 . Measuring central venous oxygen saturation and central venous-arterial carbon dioxide (CVA-CO 2 ) tension gradient represents an attractive alternative to mixed venous oxygen saturation and SVA-CO 2 tension gradient because central venous catheterisation is a less invasive procedure than pulmonary artery catheterisation 10 . Evidence suggests that maintaining central venous oxygen saturations protocol may reduce mortality in severe sepsis 11 resuscitation in severe sepsis 9 . The use of a pulmonary artery catheter in circulatory failure remains controversial 12, 13 . So far, the clinical evidence to support the use of a pulmonary artery catheter in severe sepsis is not strong 13 . If monitoring central venous oxygen saturation is as good as that of mixed venous oxygen saturation, and CVA-CO 2 tension gradient correlates well with SVA-CO 2 tension gradient and CVA-CO 2 can also predict the status of cardiac output, perhaps a pulmonary artery catheter may not be necessary in many patients with circulatory failure. The relationship between CVA-CO 2 and SVA-CO 2 tension gradient and also whether CVA-CO 2 tension gradient can be used to predict the status of cardiac output have not been evaluated. We aimed to evaluate the agreement between CVA-CO 2 and SVA-CO 2 tension gradient and to assess whether CVA-CO 2 tension gradient can be used to predict the status of cardiac output in patients with circulatory failure in this study.
METHODS
After obtaining Hospital Ethics Committee approval and informed consent from the patient's next of kin, 16 critically ill patients in circulatory failure were recruited. This study utilised a subset of the data in the study that evaluated the impact of arterial oxygen tension on venous oxygen saturation 14 . Patients with either cardiogenic or septic shock were recruited because severe sepsis may coexist with myocardial dysfunction in some patients and some in this study were mechanically ventilated and had a pulmonary artery catheter in situ.
venous and pulmonary artery catheter on the chest X-ray, samples of arterial, central venous and mixed venous blood were simultaneously and slowly drawn from the arterial, central venous and pulmonary artery catheter, respectively, at baseline and after the from the baseline and occurred within 24 hours of study enrolment while the patient was ventilated with the same baseline inspired oxygen concentration. All blood samples were analysed by a co-oximeter (ABL
Statistical analysis
We assessed the agreement between CVA-CO 2 and SVA-CO 2 agreement 15 . We used Spearman rank correlation oxygen saturation and cardiac index with CVA-CO 2 or SVA-CO 2 tension gradient. Because the relationship between venous carbon dioxide tension gradient and cardiac index is likely to be curvilinear (i.e. CVA-CO 2 or SVA-CO 2 tension gradient reduces to a plateau level when cardiac index is above a certain level) 5 , we have used regression with a logarithmic equation instead of linear regression to assess the relationship between cardiac index and CVA-CO 2 or SVA-CO 2 tension gradient. The r 2 in the regression the variability in the venous-arterial carbon dioxide tension gradient that is accounted for by cardiac indexes. We used the receiver operating characteristic (ROC) curve to assess the ability of the CVA-CO 2 and SVA-CO 2 tension gradient to predict a low cardiac output state. The difference between the areas under the ROC curve was analysed by the method suggested by Hanley and McNeil 16 cardiac output state as a cardiac index <2.5 l/min/m 2 and a CVA-CO 2 and SVA-CO 2 tension gradient >5 mmHg as abnormally high 5 . Because the performance of CVA-CO 2 and SVA-CO 2 to predict the status of the cardiac output may be different in patients with cardiogenic shock (ischaemic hypoxia) or septic shock (cytotoxic hypoxia), sensitivity analysis was performed with data from the patients with cardiogenic shock only . All statistical tests were two-tailed and performed by SPSS 13.0 software (SPSS Inc., Chicago, IL, U.S.A.). A P RESULTS (standard deviation=13.3) and 11 patients had septic haemorrhagic shock or received blood transfusions during the study period. Details of the patient characteristics were described in our previous publication 14 .
The CVA-CO 2 overestimated the SVA-CO 2 by a between the CVA-CO 2 and SVA-CO 2 was large (-3 to 3.2 mmHg) relative to the expected normal range of SVA-CO 2 difference between CVA-CO 2 and SVA-CO 2 did not appear to be related to the value of the venous-arterial CO 2 gradient. CVA-CO 2 r=-0.385) and SVA-CO 2 were correlated with the cardiac index but not the respective venous oxygen saturation. These correlations between CVA-CO 2 and SVA-CO 2 during the period of hyperoxia were included ( Table   2 and SVA-CO 2 tension gradient, respectively (Figures 2 and 3) .
The ability of CVA-CO 2 tension gradient (area P=0.08) to predict a low cardiac output state (cardiac index <2.5 l/min/m 2 ) was lower than SVA-CO 2 tension gradient (area under the ROC P=0.003) (difference in area under the ROC curve: P <0.001). The utility of CVA-CO 2 and SVA-CO 2 tension gradient appeared to be mainly limited to their high negative predictive value to exclude a low cardiac output state when CVA-CO 2 or SVA-CO 2 tension gradient was normal of CVA-CO 2 or SVA-CO 2 tension gradient to predict a low cardiac output state also did not appear to be different ( Table 2) .
DISCUSSION
Our results show that CVA-CO 2 and SVA-CO 2 tension gradients are not interchangeable numerically. Cardiac output only accounts for a small proportion of the variability of CVA-CO 2 tension gradient. SVA-CO 2 tension gradient is better than CVA-CO 2 tension gradient in predicting a low cardiac output state but the main utility of both CVA-CO 2 and SVA-CO 2 tension gradients appears to be limited to their negative predictive value to exclude a low cardiac output state when CVA-CO 2 and SVA-CO 2 are within normal range.
Central venous gases represent an attractive alternative to mixed venous gases because central venous catheterisation is an easier and less invasive procedure than pulmonary artery catheterisation 10 .
However, in patients with circulatory failure, the reliability of cental venous gases has been challenged hepatosplanchnic circulation, where hypoperfusion is common. Although central venous oxygen saturation has been shown to correlate well with mixed venous oxygen saturation during different phases of haemorrhagic shock, hypoxia and hyperoxia in an experimental model of circulatory failure 18 , recent clinical studies showed that the agreement between the two oxygen saturation measurements can be very unpredictable in patients with septic and cardiogenic shock 19, 20 . Our results are in concordance with these latest studies and support the venous gases in different circulations from different parts of the body and are not interchangeable numerically. If CVA-CO 2 is not equivalent to SVA-CO 2 numerically, can we still use CVA-CO 2 tension gradient to guide haemodynamic resuscitation in circulatory failure similar to the use of central venous oxygen saturation in severe sepsis 9, 11, 13 ? Our results show that CVA-CO 2 tension gradient is unlikely to be very useful to guide haemodynamic resuscitation in circulatory failure. First, apart from the status of cardiac output, CVA-CO 2 tension gradient depends on a number of other factors such as carbon dioxide production of the body and the shape of the haemoglobin dissociation curve. Carbon dioxide production can be affected by the respiratory quotient of the feeding and metabolic rate of the body. The dissociation of carbon dioxide from haemoglobin can be affected by acidosis, temperature and the Haldane effect (i.e. the venous oxygen saturation) in the venous blood 5, 21 . Although the Haldane effect appears to have a minimal effect on the correlation between the venous-arterial CO 2 tension gradient and cardiac index during hyperoxia (Table 1) , other factors affecting the haemoglobin dissociation curve have not been assessed in this study. In agreement with these hypothetical considerations, our results show that cardiac output only accounted ROC=receiver operating characteristic, CI=confidence interval. 2 tension gradient, and as such, the ability of CVA-CO 2 to predict a low cardiac output state (<2.5 l/min/m 2 ) was Second, our results show that the ability of CVA-CO 2 tension gradient to predict a low cardiac output state is inferior to the SVA-CO 2 tension gradient and if venousarterial carbon dioxide tension gradient is to be used to 2 tension gradient will be preferable to CVA-CO 2 tension gradient. Finally, the utility of CVA-CO 2 tension gradient appeared to be limited to its negative predictive value to exclude a low cardiac output state when CVA-CO 2 is within normal 2 tension gradient is above normal limits, the cardiac output can be either high or low.
This study has some limitations. First, the sample size of this study is small and hence the results were around the mean area under the ROC curve of CVA-CO 2 and SVA-CO 2 to predict a low cardiac output state. Furthermore, the prevalence of a low cardiac output state in this study was low, and as such, this might increase the negative predictive value and reduce the positive predictive value of CVA-CO 2 and SVA-CO 2 . Second, all patients were sedated, mechanically ventilated, treated with inotropes and vasopressors and none of them had haemorrhagic patients who are less critically ill or those with haemorrhagic shock. Third, because the normal range of the venous-arterial CO 2 tension gradient is error by a blood gas machine may have a dramatic 5 . Fourth, venous-arterial venous CO 2 tension gradient is, at best, only a surrogate marker of the status of cardiac output and can be normal despite ischaemia in the splanchnic circulation 22 . Fifth, this study did not assess whether using CVA-CO 2 in addition to central venous oxygen saturation will increase the ability of central venous oxygen saturation to predict the status of cardiac output in circulatory failure. Whether the combination of these two venous gaseous parameters will improve their utility remains uncertain. Finally, this study only assessed the numerical relationship between CVA-CO 2 and SVA-CO 2 and the physiological relationship between cardiac index and CVA-CO 2 or SVA-CO 2 tension gradient. More investigations will be needed to assess whether using either CVA-CO 2 or SVA-CO 2 to guide haemodynamic resuscitation in circulatory failure will improve clinical outcomes.
In summary, CVA-CO 2 and SVA-CO 2 are not interchangeable numerically. Cardiac output only accounts for a small proportion of the variability of CVA-CO 2 . SVA-CO 2 is better than CVA-CO 2 in predicting a low cardiac output state but the main utility of both CVA-CO 2 and SVA-CO 2 tension gradients appears to be limited to their negative predictive value to exclude a low cardiac output state when CVA-CO 2 and SVA-CO 2 tension gradients are within normal limits.
